Dielectric dispersions on the Kerr constant of two polymer-stabilized blue phase liquid crystals (BPLCs) are investigated. An extended Cole-Cole model is proposed to fit the experimental results and good agreement is obtained. As the electric field frequency increases, Kerr constant decreases and the associated dielectric heating effect gradually increases. These results will undoubtedly affect the high frequency operation of BPLC devices. However, the high operating rate on BPLC devices requires high frequency of AC electric fields to avoid ionic effect. Therefore, frequency effect of BPLCs is of practical importance.
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However, the high operating rate on BPLC devices requires high frequency of AC electric fields to avoid ionic effect. Therefore, frequency effect of BPLCs is of practical importance.
The physical mechanism of a polymer-stabilized BPLC is governed by electric-field-induced birefringence through Kerr effect. However, Kerr effect is valid only in the weak field region. As the electric field (E) increases, the induced birefringence gradually saturates following extended Kerr model as: 12 Dn ind ðEÞ ¼ Dn s ½1 À expðÀðE=E s Þ 2 ;
where Dn s is the saturation induced birefringence and E s is the saturation electric field. The optical dispersion of Kerr constant has been studied 13 and the Kerr constant is found to decrease with wavelength. But the dielectric dispersion of Kerr constant in BPLCs remains unexplored. Therefore, there is an urgent need to investigate the frequency effects on the Kerr constant of BPLC devices.
In this paper, we report the electric field frequency effects on the Kerr constant of two polymer-stabilized BPLCs and fit our experimental results with the extended Cole-Cole equation. Good agreement is obtained. As the electric field frequency increases, Kerr constant decreases and the associated dielectric heating gradually increases.
In our experiment, we prepared two in-plane-switching (IPS) cells whose electrode width and electrode gap are both 10 lm and cell gap is 7.5 lm. Cell 1 was filled with a BPLC mixture consisting of 76.2 wt. % JM2069-043 nematic LC host (from ITRI), 13 wt. % chiral dopants [8% ISO-(6OBA) 2 and 5% CB15 (Merck)], 10 wt. % monomers [6% RM257 (Merck) and 4% 1,1,1-Trimethylolpropane Triacrylate (TMPTA, Sigma Aldrich)], and $0.8 wt. % photoinitiator. The cell was cooled to BP-I phase and the precursor was cured by an UV light with k $ 365 nm and intensity $2 mW/ cm 2 for 30 min. After UV curing, the polymer-stabilized BPLC composite was self-assembled, and the clearing temperature was measured to be T c $ 44
C. The relatively low T c is attributed to the low melting point ($4 C) of the chiral dopant CB-15. Cell 2 was filled with Chisso JC-BP01M precursor, in which chiral dopant and monomers were premixed. The UV curing conditions were the same as reported in Ref. 14, and the T c of sample 2 is $70 C. Next, we measured the voltage-dependent transmittance (VT) curves of these two cells using a He-Ne laser (k ¼ 633 nm). The cells were placed in a temperature controller to have a constant temperature $22
C. Figure 1 shows the normalized VT curves of cell 1 at five frequencies: 100, 1, 10, 50, and 100 kHz. As frequency increases, the VT curve shifts rightward, indicating that the on-state voltage (V on ) increases (i.e., Kerr constant decreases) with frequency.
We fitted the VT curves shown in Fig. 1 with Eq. (1) at each frequency. In our experiment, we used the same probing wavelength but changing the electric field frequency. Thus during fittings we kept Dn s ¼ 0.19 and only changed E s for different frequencies. Once Dn s and E s are obtained, we ) through extended Kerr model. In Fig. 2 , we plot the obtained frequency dependent Kerr constant (red closed circles) at logarithmic scale.
On the theory side, Gerber found that Kerr constant can be approximated by the following equation:
where Dn is the birefringence, De is the dielectric anisotropy, and k is the elastic constant of the host LC, respectively, and p is the pitch length. Among all the parameters in Eq. (2), only De is related to the electric field frequency. Therefore, Kerr constant and De should have the same frequency effect.
To prove this, we also include the measured dielectric anisotropy of host LC (black open circles) in Fig. 2 but using a different scale. As expected, the frequency dependent K and De curves overlap quite well, indicating that K is indeed proportional to De as Eq. (2) predicts.
For a LC mixture, the frequency dependent dielectric constants e // and e \ can be described by the following ColeCole equation:
where e* ¼ e 0 þ ie 00 is the complex dielectric constant at frequency f, e s and e 1 are the dielectric constants at static and high frequencies, respectively, f r is the relaxation frequency, i is the imaginary unit, and a is a value between 0 and 1, which allows to describe different spectral shapes. The real part of the complex dielectric constant (e 0 ) is the one we commonly measure (e // and e \ ), and the imaginary part (e 00 ) is responsible for the dielectric heating.
For a rod-like compound, e \ has a much higher relaxation frequency than e // due to its shorter dipole length in the direction perpendicular to molecular axis. 17 Thus in the low frequency region, the relaxation of e // as described by the real part of Cole-Cole equation is noticeable, while e \ remains unchanged (e \ ¼ e \s ). As a result, dielectric anisotropy (De ¼ e // À e \ ) also follows the real part of Cole-Cole equation, i.e., it has the same relaxation frequency as e // : 
where K s and K 1 stand for the Kerr constant at static and high frequency, respectively. For convenience, we call Eq. While comparing model with experimental data, we first use Eq. (3) to fit the real and imaginary parts of e // , respectively and obtain e //1, e //s , f r , and a. In the low frequency region, e //s is insensitive to frequency and can be treated as constant. The remaining three parameters are fairly unique because we have to fit two curves simultaneously. Next, we use Eq. (4) to fit the measured frequency dependent De of sample 1 and results are plotted in Fig. 2 . Afterwards, we scale De 1 and De s to K 1 and K s to fit Kerr constant (Eq. (5)) because K is linearly proportional to De as Eq. (2) shows. The parameters of sample 1 are K s ¼ 1.48 nm/V 2 , K 1 ¼ À0.189 nm/V 2 , f r ¼ 118 kHz, and a ¼ 0.12. The negative K 1 indicates there is a crossover frequency for Kerr constant. This is not uncommon for some LC compounds whose De turns to negative in high frequency region. 17, 18 As Fig. 2 shows, the fitted curve (pink solid line) agrees very well with the experimental data.
For sample 2 (Chisso JC-BP01M), we also measured its VT curves at different frequencies. Results are plotted in Fig. 3. From Fig. 3 , the VT curves gradually shift to the right side and V on increases as frequency increases. At 5 kHz, the transmittance at 60V rms is only $10% of that of the peak transmittance. These results indicate that frequency has a tremendous impact on the electro-optic properties of the BPLC cell. We used similar procedures to fit the measured VT curves ( Figure 4 shows the frequency dependent Kerr constant of Chisso JC-BP01M; the red circles are experimental data and solid line denotes fitting using Eq. (5) with K 1 ¼ 0, f r ¼ 1300 Hz, and a ¼ 0.13. The agreement is quite good. The BPLC sample 2 has a much lower relaxation frequency than that of sample 1 due to its larger e // ($112) and De ($94). For this specific Chisso BPLC material, the strong frequency dependence of Kerr constant (from 120 Hz to 1 kHz) has to be taken into consideration when choosing a proper operation frequency for high speed photonic and display applications.
We also measured the temperature increase of sample 2 at different frequencies by attaching a thermocouple to the glass substrate. For easy comparison, we applied a constant voltage 50V rms for all frequencies. The temperature was read after about an hour when the LC cell had reached its thermal equilibrium with the ambient. Figure 5 depicts the measured temperature raise. In general, as the frequency increases, the cell temperature increases because of dielectric heating of the LC material, 18, 19 which is proportional to 2pfe 00 E 2 . For a given frequency, both imaginary part and voltage play important roles in dielectric heating. In an IPS cell, the electric fields are not uniform spatially, thus the quantitative explanation of the heating effect is difficult. From Fig. 5 , as long as f < 10 kHz, the temperature increase is below 12 , which is still acceptable for most applications.
In conclusion, we have experimentally investigated the frequency effects on the Kerr constants of two polymerstabilized BPLCs. As frequency increases, Kerr constant decreases gradually. This phenomenon can be described well by the extended Cole-Cole equation. We have also investigated the dielectric heating of Chisso JC-BP01M and found that the temperature increase is below 12 C when the electric field frequency is below 10 kHz. 
